In this work, a very simple one-pot synthetic approach was developed to generate aqueous CdTe/CdS/ZnS type-II/type-I red-emitting nanocrystals (NCs). Strain-induced optical properties of CdTe/CdS particles having core (small) /shell (thick) structure with a maximum quantum yield (QY max ) $ 57% were further improved with the overgrowth of a ZnS shell, resulting in a core (small) /shell (thick) /shell (small) structure (QY max $ 64%). The spectral properties were tuned further to the near-infrared region as the ZnS shell grew in thickness. X-ray powder diffraction (XRD) analysis and high-resolution transmission electron microscope (HRTEM) images showed the crystalline structure of NCs proving the epitaxial growth of ZnS without crystalline defects. Under continuous UV-irradiation for 5 h, the NCs did not exhibit any photodegradation but instead displayed a photo-annealing process. These extremely photostable NCs were further characterized in terms of their cytotoxicity and their cell labeling performances. The presence of a ZnS shell was found to reduce the toxicity of the CdTe/CdS NCs. Furthermore, aptamer-conjugated NCs were successfully utilized in targeted cell imaging. Promisingly, the aptamer-NCs bioconjugates were internalized by A549 cells within 2 hours of incubation and retained their fluorescence even after 24 hours of internalization.
Introduction
Core/shell (CS) semiconductor nanocrystals (NCs) emitting in the near-infrared range are of particular interest owing to their deep tissue penetration which is important in biomedical imaging applications. Recent studies have mostly concentrated on developing new strategies which allow simple manufacturing of NCs with large spectral shis. By using the lattice strain between a small so core (CdTe) and a thick compressive shell (ZnS, CdS, ZnSe, CdSe), Nie and coworkers presented a new class of core (small) /shell (thick) NCs displaying type-II behavior with greater photostability and giant spectral shis in comparison to traditional core (thick) /shell (thin) NCs.
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When the small CdTe core is subjected to a large stress arising from the epitaxial overgrowth of a lattice-mismatched shell, the CdTe core can overcome this stress due to its elasticity while maintaining excellent spectral properties without causing any defect trap sites. The rst aqueous synthesis of CdTe/CdS so-called 'magic-core/thick-shell' NIR emitting NCs was reported by Deng and coworkers.
2 They rst synthesized magic sized CdTe clusters ($0.8 nm), then deposited a thick CdS shell with thickness up to 5 nm creating magic-core/thick-shell NCs with very large spectral shis and high uorescence efficiencies. A further study was reported by Chen et al. who used an air-stable Te source (Na 2 TeO 3 ) instead of NaHTe resulting in a much simpler route to one-pot synthesis of NIR emitting CdTe (small) /CdS (thick) NCs within a reaction time of up to 24 h.
3
In type-II systems, despite the greater tunability of emission wavelengths and improved uorescence lifetimes, extended excited-state lifetimes can increase the probability of nonradiative recombination events. One of the separated charge carriers which is conned in the shell region can very likely be trapped in the surface defect sites which further causes the inevitable decrease in uorescence efficiency.
1 Therefore, the growth of an external shell, resulting in a core/shell/shell (CSS) system, with a wide bandgap serving as an outer protection layer can create more stable NCs while maintaining the lattice straininduced spectral tuning properties. 4 Taking this into consideration, core (small) /shell (thick) /shell type-II/type-I CSS NCs can be classied as a new generation of NCs with better optical and structural characteristics. For the fabrication of a CSS structure, zinc sulde has traditionally been the shell material of choice due to its chemical inertness and negligible toxicity, which attracts specic interest in biological applications. 5, 6 Its wide bandgap energy assures efficient passivation and charge-carrier connement preventing electron-hole delocalization towards the outer surface, which is hindered by surface traps that reduce uorescence quantum yields. As a result, a ZnS shell improves chemical stability as well as the optical properties of NCs.
7
On this basis, a preliminary study was published by Green et al. using the aqueous overgrowth of a ZnS shell around CdTe/CdS NCs in 24 h. 8 Very recently, this strategy was further improved by Zhu and coworkers with microwave-assisted irradiation of CdSeTe (small) /CdS (thick) CS NCs and further deposition of a very thin ZnS shell.
9 As a result, QY values were increased by a further $4% to 63% with the overgrowth of a ZnS shell and growth rates were remarkably accelerated in the aqueous phase. However, microwave irradiation is limited in scale-up production and on-line monitoring of the reaction process. Therefore, development of a rapid, facile and user-friendly route to produce high quality water-soluble NCs, especially those of emission wavelengths in the red to near-infrared range, is still highly desirable for the efficient and safe applications of NCs in bio-imaging studies.
Herein, we followed this new generation of magic-core/thickshell NCs and developed this further for the fabrication of NIR emitting water-dispersed CSS NCs. We have developed a simplied strategy to synthesize core (small) /shell (thick) /shell NCs composed of CdTe/CdS/ZnS based on conventional methods. First, by creating a rich Cd-thiol environment with a very low Te-to-Cd molar ratio, a one-pot aqueous synthesis of type-II CdTe (small) /CdS (thick) with emission wavelengths up to 750 nm (QY max $ 57%) was achieved. Aerwards, an outer ZnS shell was grown over the CS NCs by simply injecting a Zn source directly into the crude CS NCs solution. Aer 3 h of reaction, high quality CdTe (small) /CdS (thick) /ZnS (thin) CSS NCs emitting in the red-to-near infrared window were obtained with improved uorescence efficiency (QY max $ 64%). As a result, the one-pot synthesis of highly tunable NIR emitting type-II/type-I CdTe/CdS/ZnS CSS NCs with a very narrow FWHM (full width at half maximum) values (max. 80 nm) and high quantum yields was performed without precursor injection and purication steps.
These improved optical properties allowed us to successfully implement these NCs in targeted cell imaging aer conjugation with S15 DNA aptamers which specically bound to lung cancer cells.
10 Aptamers are short, single-stranded oligonucleotides generated from an in vitro process known as SELEX (Systematic Evolution of Ligands by Exponential enrichment).
11 Their high binding affinity and selectivity towards numerous targets, including small molecules, proteins, receptors, and cells in addition to their chemical stability, economic production and convenient modication introduced aptamers as a novel type of recognition molecules. 10 There are various successful reports presenting the efficiency of aptamer conjugated nanoparticles for sensing, 7, [12] [13] [14] [15] imaging and therapeutic applications.
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Fluorescence microscopy studies showed the effective up-take of aptamer-NCs bioconjugates by A549 lung cancer cells.
Results and discussion

Production and optical analysis of NCs
For the one-pot synthesis of CdTe (small) /CdS (thick) NCs, a Cd-rich environment was created by using a very low Te-to-Cd (1 : 25) molar ratio. 3-Mercaptopropionic acid (MPA) was utilized as a sulphur source as well as the surface functionalization agent. At the early stage of particle growth, the usage of a very low Te-to-Cd molar ratio resulted in the formation of a small population of small particles. 20 In this case, depletion of free monomers proceeded slower than in the case of higher Te-to-Cd ratios. The extended depletion time of monomers avoided the Oswald ripening process, a process which originated from a slow-growth rate, resulting in a broadening of size distributions. 21 At this early stage of crystal growth, the monomer concentrations should be rather high and addition of monomers to the crystals should be predominant for the growth of particles. In this case, diffusion controlled growth via monomer addition facilitates faster growth of smaller particles than the larger ones. Moreover, Cd precursors which are improved by high pH and Te precursor stability support this fast growth process. 22 In regards to the effect of ligand-to-Cd ratio on the growth rate of NCs, the ligand-to-Cd molar ratios lower than 2 : 1 create an environment dominant with monothiol complexes rather than dithiol complexes. Under high pH conditions (>11), these monothiol complexes have greater solubility which improves the release of Cd and therefore support formation of CdTe monomers for nucleation and particle growth. Thus, a fast growth rate is achieved by means of accelerated Cd release for crystal growth under low ligand-to-Cd molar rations and high pH conditions. 22 Once the Te source is depleted, the remaining Cd-monothiol complexes give a Cd rich surface which supports CdS shell formation around those very small CdTe particles resulting in core (small) /shell (thick) CdTe/CdS nanocrystals. This mechanism explains the high quality optical characteristics obtained by one-pot formation of core/shell (CS) structures.
Absorbance and uorescence spectra of the resulting CdTe/CdS NCs, shown in Fig. 1a and b, reveal the gradual spectral shi to the longer wavelength as the CdS shell proceeded to grow in thickness. Notably, samples did not show a sharp rst exciton absorption peak but a featureless prole with the increase of particle size. This complete disappearance of the rst exciton absorption peak can be attributed to transition of type-I to type-II behaviour.
1 During this switch, gradual straininduced spectral changes did not exhibit abrupt transformations allowing the preservation of tunability of emission spectra by lattice strain. The so CdTe core was able to compress elastically as the CdS shell grew in thickness causing a large stress to the core. This elasticity of the very small CdTe core material allowed these NCs to maintain and even improve their optical properties. CdTe/CdS NCs emitting at 730 nm were obtained aer 6 h of synthesis at 90 C. Quantum yields (QY%)
reached a maximum value of 57% when the emission wavelength shied to around 650-660 nm which was followed by a decrease as the CdS shell proceeded to grow further (Fig. 1e) . It is likely that the CdTe core could no longer withstand the strain without forming surface traps. Interestingly, when a ZnS shell material with a larger latticemismatch was overgrown on the surface, the QY started to increase again but only until a certain shell thickness. When the ZnS shell was deposited around CdTe/CdS NCs having a QY max $ 57% (l emission ¼ 650-660 nm), the resulting CSS NCs exhibited improved uorescence behaviour with a QY max $ 64% (Fig. 1e , le-inset). Later, another CS NCs having a reduced QY $ 53% (l emission ¼ 672 nm) was used for the ZnS shell formation. Again, the uorescence efficiency of the resulting CSS NCs was improved further to a QY max $ 57% (Fig. 1e , right- inset). To the best of our knowledge, the obtained optical yields for the water-dispersed red-emitting CdTe/CdS/ZnS NCs are one of the highest values in comparison to the literature values (Table 1 ). These results indicated that epitaxial growth of a ZnS shell around a CdS shell improved the surface structure of NCs by passivating the dangling bonds on the surface. However, we should note that the big lattice mismatch (16.4%) between CdTe and ZnS did not allow us to grow a thick epitaxial ZnS shell without crystalline defects. Aer a very thin ZnS formation, NCs could not maintain their excellent uorescence efficiencies causing reduced QY values. It is remarkable that highly strained CdTe/CdS/ZnS CSS heterostructures exhibit excellent photoluminescence properties especially when it is considered that crystallinity of the core and the homogeneity of shells were achieved at very low temperatures under atmospheric conditions. Another promising feature of the external ZnS shell growth is the gradual tuning of the emission spectra to longer wavelengths without formation of any deep-trap emission ( Fig. 1c and d) . Aer 6 h of reaction, emission wavelengths were shied approximately 16-19 nm to the near-infrared region. As expected from the type-I behaviour of the CdS/ZnS shell/shell heterostructure, the spectral shis are not as large as in type-II behaving CdTe/CdS core/shell NCs. Moreover, utilization of MPA as a sulphur source for the ZnS shell formation which is already present in the crude CdTe/CdS solution, created more controllable and reproducable shell formation with reduced growth rates in comparison to sodium sulde (Na 2 S). Sodium sulde has relatively high decomposition rate causing uncontrolled release of sulphur ions and thus a fast growth rate.
21
However, deposition of an even ZnS shell required a slow growth step. 8 
Structural analysis of NCs
Diffraction patterns of CS-I (CdTe/CdS, l emission ¼ 550 nm), CS-II (CdTe/CdS, l emission ¼ 655 nm) and its corresponding CSS-I (CdTe/CdS/ZnS, l emission ¼ 668 nm) and CSS-II (CdTe/CdS/ ZnS, l emission ¼ 687 nm) NCs revealed that these nanoparticles had a zinc blende cubic crystal structure (Fig. 2) . For the CS NCs, as the CdS shell grew in thickness, diffraction angles shied to higher values towards the position of standard CdS diffraction angles. As an outer ZnS shell was grown over CS-II, a further shi of the diffraction peaks to higher angles was observed whilst maintaining the pattern of the cubic lattice. The peak widths and shapes of CSS-I and CSS-II NCs remained nearly unchanged in comparison to those of the CS nanocrystals, which conrmed the formation of a core/shell/shell structure rather than an alloyed structure. A homogeneous alloy would result in a signicant narrowing of XRD peak widths upon increasing particle size.
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High-resolution transmission electron microscopy (HRTEM) was used to further investigate the morphology and crystal structure of the NCs. , where l is the X-ray wavelength (CuKa ¼ 1.54 A), B is the full width at the half maximum of the diffraction peak (radians), and q B is the half angle of the (111) diffraction peak on the 2q scale. 27 It was calculated to be 3.35 nm which is consistent with TEM size analysis proving NCs have an almost single crystalline structure. HRTEM images of CdTe/CdS/ZnS NCs in Fig. 3e and f and the indexed fast-Fourier transformation (FFT) feature further conrmed the crystallinity of the NCs with the existence of well-resolved lattice planes. The lattices stretch straight across entire nanocrystals demonstrating coherent epitaxial growth of shell material without forming crystalline defects. Further, atomic force microscopy (AFM) images of CdTe/CdS/ZnS NCs are depicted in Fig S2 † showing a topographical view of single nanocrystals. From the TEM images, the average size of CdTe/CdS/ZnS NCs was calculated to be 4.31 AE 0.76 nm. ZnS shell thickness was determined to be 0.31 nm which corresponds to $1.1 monolayers (ML), assuming a monolayer of cubic ZnS is 2.705 A (half the cell unit). Resulting NCs will be presented in the following text as CSS (1.0 ML).
The as-prepared CdTe/CdS and CdTe/CdS/ZnS NCs showed an average d-spacing [111] of 0.344 nm and 0.351 nm, respectively, which appeared inbetween the standard interplanar distances of cubic CdTe (0.374 nm) and CdS (0.336 nm). The lattice distances of [111] planes were also estimated by using the Bragg formula of X-ray diffraction which is d ¼ nl/(2 sin q B ), where l is the X-ray wavelength (CuKa ¼ 1.54 A), n is an integer, and q B is the half scattering angle of the (111) diffraction peak on the 2q scale. It was found to be 0.353 nm for CdTe/CdS and 0.351 nm for CdTe/CdS/ZnS, which are in good agreement with the lattice spacing values obtained from HRTEM images. These obtained d-spacing values of highly-strained CdTe/CdS/ZnS NCs being shied towards to lattice spacing of standard cubic CdS reveals that CSS NCs mostly maintain the structural details of the CdS shell. These results are quite expected when it is considered that the compressive behavior of a CdS shell means it will adopt its bulk lattice parameters once it reaches a thickness large enough to compress the CdTe core.
1 Moreover, the thin ZnS shell (1.0 ML) at the surface adopted the lattice constant of the CdS inner shell and therefore did not exhibit any observable effect on the lattice spacing values of the as-prepared CSS NCs.
Furthermore, time-resolved uorescence decay curves of CSS NCs were analyzed in order to measure excited-state lifetimes of the as-prepared NCs (Fig. S3 †) . Fluorescence decay curves were tted by tri-exponential model using the Levenberg-Marquardt algorithm. The t parameters are listed in Table S1 . † As a result, CSS NCs feature an average lifetime of 51.7 ns, consistent with a typical type-II structure.
2,9
Photostability Photostability studies of CdTe/CdS and corresponding CdTe/CdS/ZnS revealed that both NCs were extremely stable under continuous UV-irradiation for 5 h (Fig. 1f) . During the irradiation, the uorescence intensity of CdTe/CdS increased by $30% of the initial signal whilst the uorescence intensity of CdTe/CdS/ZnS showed only a $12% increase. Aer the irradiation, the emission proles of the NCs were measured and no signicant spectral shis to the blue region were observed which eliminates the possibility of photo-oxidation (Fig. S4 †) . This increase in uorescence intensity under irradiation phenomenon can be either attributed to photo-brightening or photo-annealing processes. Photo-annealing is caused by the structural rearrangements at the core/shell interfaces as well as at the surface and, is therefore permanent. On the other hand, photo-brightening effects vanish once the excitation source is removed, thereby being only temporary. 28 Since the uores-cence enhancement was permanent when the UV light was removed, we can assume that the photo-annealing effect is the most likely reason for the increase. Moreover, the photoannealing effect under irradiation can be more pronounced for the NCs with a higher concentration of surface defects at the particle surface.
12 This reasonably explains the predominant enhancement in uorescence intensity of CdTe/CdS NCs.
Cytotoxicity
For biomedical applications, the toxicity of Cd-based NCs is a critical point of discussion because of their heavy metal (Cd 2+ , Te 2À ) containing composition. 29 Therefore, in vitro cellular toxicity of NCs must be studied prior to in vivo application. In this study, in vitro cytotoxicity effects of developed NCs on A549 adenocarcinoma lung cancer cells was studied by treating the cells with different concentrations (0.002-600 mg ml À1 ) of NCs composed of different sizes, shell compositions and shell thicknesses. First, cells were exposed to CS 550 and CS 659 (CdTe/CdS emitting at 550 nm and 659 nm, respectively) to investigate the NC size effect on cellular toxicity. In the next step, a ZnS shell (0.5 ML) was deposited on CS 659 NCs to evaluate the effect of outer shell composition. In the nal step, a thicker ZnS shell (1.0 ML) was overgrown around CS NCs to compare the impact of ZnS shell thickness on the toxic effects of NCs. Cell viability obtained from a CellTiter-Blue assay showed that cells retained more than 70% of their viability when they were exposed to high concentrations of NCs for 2 h (Fig. 4a) . Since #30% reduction in cell viability is the accepted limit for the biocompatibility of the tested material according to ISO 10993-5.2009 cytotoxicity standards, it can be assumed that NCs didn't generate signicant toxicity aer 2 h of exposure time. When the exposure time was prolonged to 24 h, high concentrations of NCs induced toxicity at different levels with a correlation to the particle size, shell composition and ZnS shell thickness (Fig. 4b) . IC 50 values (half-maximal inhibitory concentration, i.e. the dose applied by which 50% of cells died) demonstrate that smaller CS NCs caused more toxicity (IC 50 83 mg ml
À1
) in comparison to their larger CS counterparts (IC 50 99.9 mg ml À1 ). When a ZnS (0.5 ML) shell was overgrown around the CS NCs, the resulting CSS NCs exhibited signicantly reduced cellular toxicity when compared to their CS NCs counterpart. As ZnS shells grew in thickness (1.0 ML), the IC 50 value was increased further from 116.6 to 150.8 mg ml À1 .
The main cause of cellular toxicity of Cd-containing NCs has been mostly attributed to the release of Cd 2+ ions to the intracellular environment aer particle internalization. The internalized NCs likely underwent a degradation process followed by a loss of their surface coating molecules and later the release of their metal ions via surface etching processes. Moreover, NCs with sizes less than 10 nm, which have high surface area to volume ratios, induce more pronounced cellular damage in comparison to larger NCs. 30, 31 In general, the toxicity decreases with increasing particle sizes. 32 Regarding the size-dependent cytotoxicity of NCs, we conrmed the pronounced toxicity of smaller NCs in comparison to larger ones with the same core/shell composition as well as similar surface structure. On the other hand, the presence of a well-passivating protective ZnS shell layer can likely minimize the destabilization of NCs to a large extent and therefore prevent the release of highly toxic metal ions. 23, 33 The obtained cell viability results of CSS NCs meet the expectations of the inert nature of ZnS, building a strong electronic barrier at the NCs surface and therefore resulting in reduced cytotoxic effects.
Cell imaging with aptamer conjugated NCs
CdTe/CdS/ZnS NCs modied with aptamers were tested for their targeted in vitro cell imaging applicability. We rst conjugated the carboxyl terminated CdTe/CdS/ZnS NCs to amine-terminated S15 DNA aptamers which target adenocarcinoma lung cancer cells (dissociation constant, K d 56.8 nM) 10 using EDC coupling chemistry (S15-NCs). As a negative control, bare NCs and NCs conjugated with a random oligonucleotide (Oligo-NCs) were applied to the A549 cells using the same experimental conditions. Migration behaviors of NC conjugates were analyzed with agarose gel electrophoresis (Fig. S5 †) . As predicted, NCs conjugated to aptamer or oligonucleotide migrated slower in comparison to bare NCs. However S15-NCs and Oligo-NCs exhibited similar migration pattern despite of different molecular weights. We attribute this effect to the reduced sizes of oligonucleotides in their three-dimensional structures which are rather indistinguishable in terms of their electrophoretic mobility.
Fluorescence microscopy images illustrated in Fig. 5 , reveal the internalization of S15-NCs in the lung cancer cells within 2 h of incubation (Fig. 5a) . At the same time, Oligo-NCs as well as bare NCs did not accumulate in the cells within the given incubation time (Fig. 5c and d) . Promisingly, aptamer-NC conjugates were still observable under the microscope aer 24 h of internalization, indicating the long-term stability of developed NCs inside the cells (Fig. 5b) . Accordingly, we can draw the conclusion that S15 DNA aptamers are efficient as a targeting moiety against lung cancer cells and in combination with the excellent optical properties of the NCs, present a novel platform for the application of developed NCs for targeted cell imaging studies. 
Experimental
were purchased from Sigma-Aldrich GmbH, Munich. Qdot® 655 ITK™ carboxyl quantum dots (QY 87%) were obtained from Life Technologies GmbH, Darmstadt. CellTiter-Blue cell viability assay reagent was purchased from Promega GmbH, Mannheim. S15-amino(C6) aptamer and control DNA-amino(C6) were purchased from BioSpring GmbH, Frankfurt. All chemicals were used as they were received without any purication. All solutions were prepared with distillated water if not indicated otherwise.
Sequence of 5 0 -amino(C6)-S15 DNA aptamer.
For cell culture experiments, Dulbecco's Modied Eagle Medium (DMEM, Sigma-Aldrich GmbH, Munich) supplemented with 10% (v/v) fetal calf serum (FCS, Biochrom GmbH, Germany) and 1% (v/v) penicillin/streptomycin (P/S, Biochrom GmbH, Germany) was used as cell culture medium. For uo-rescence imaging experiments, cells were seeded on LabTek® II glass chamber slide systems with CC2 treatment (Nalge Nunc International, USA).
Buffers
Aptamer selection buffer (pH 7.4) was prepared with 2.67 mM calcium chloride, 1.47 mM calcium dihydrogen phosphate, 137.93 mM sodium chloride, 8.06 mM disodium hydrogen phosphate, 5 mM magnesium chloride, 4.5 g L À1 glucose and 1 mg ml À1 bovine serum albumin (Sigma-Aldrich GmbH, Munich). Incubation buffer was prepared from the selection buffer by addition of 2% (v/v) FCS. Phosphate buffered saline (PBS) was prepared with 137 mM sodium chloride, 2.7 mM calcium chloride, 10.1 mM disodium hydrogen phosphate and 1.8 mM calcium dihydrogen phosphate. Solution pH was adjusted to 7.4 and then sterilized.
Synthesis of CdTe/CdS
CdCl 2 (125 mM, 1 ml), 18.5 ml 3-mercaptopropionic acid (MPA), trisodium citrate dehydrate (42.5 mM, 1 ml), sodium tellurite (5 mM, 1 ml) and sodium borohydride (125 mM, 1 ml) were added sequentially into a three-neck round bottom ask. 21 ml ddH 2 O was added to give a nal volume of 25 ml. The molar ratio of Cd/Te/MPA was set to be 1/0.04/1.7. Under mixing, the solution pH was adjusted to 11.4 with 1 M NaOH. Reaction solution was then heated to 90 C at a heating rate of approximately 3.5 C min À1 . The solution was then reuxed with an air condenser (Findenser, Radleys, UK) eliminating the necessity of any tubing systems for water cooling making the procedure simpler and more economic. Once the reaction solution reached a temperature of 90 C, the samples were collected at different time intervals during 6 h. Absorbance and uores-cence measurements were made with crude samples aer cooling to room temperature. For storage, samples were precipitated with 2-propanol and collected via centrifugation. The precipitate was weighted aer it was dried. Later, it was re-dissolved in water and stored at 4 C.
Deposition of ZnS shell
The as-prepared CdTe/CdS solution (l emission ¼ 650-660 nm, QY $ 57%) was directly used for the external synthesis of ZnS. 12 ml of the CdTe/CdS crude solution, 12 ml ddH 2 O and 1 ml ZnCl 2 solution (25 mM) was stirred giving a nal volume of 25 ml. The nal pH of the reaction solution was adjusted to 11.5 with 1 M NaOH. Then, the solution was heated slowly to 65 C and the ZnS shell growth was monitored for 6 h. Apart from dilution, no post-synthesis treatment was made for any of the samples before absorbance and uorescence measurements. For cell culture experiments, samples were precipitated with 2-propanol and collected via centrifugation. The colloidal precipitate was weighed aer drying and re-dissolved in water. Later, this was washed with ddH 2 O using 10 kDa MWCO membrane lters (PES, Vivaspin, Sartorius Stedim Biotech GmbH, Germany) and stored at 4 C.
Measurement of QY%
Fluorescence quantum yields (QY%) were determined by using commercially available Qdot® 655 ITK™ carboxyl quantum dots (QY 87%) as a reference. Rhodamine 6G was used rst as a cross-reference to conrm the QY% of the commercial Qdot655 and it was found to be 86.7 AE 0.5% which is consistent with the QY value given by the manufacturer. Then, the as-prepared colloidal samples as well as the reference solution were diluted to give an equal absorbance below 0.1 at the excitation wavelength (470 nm). The integrated area of corresponding emission curves were analyzed and compared with the integrated area of emission curve of reference Qdot655 sample in the same solvent (eqn (1) 
Photostability study
To exclude the effect of residual reagents, puried CdTe/CdS and CdTe/CdS/ZnS samples were tested for their photostability. 1 ml of diluted samples were irradiated with UV light (360 nm) continuously for 5 h by using 150 W xenon lamp. The corresponding uorescence intensity was recorded every 10 s.
Structural analysis
X-ray diffraction patterns of CdTe/CdS NCs and corresponding CdTe/CdS/ZnS NCs were analyzed with a Bruker D8 Advance diffractometer using Cu Ka radiation (l ¼ 1.5418 A). For the measurements, samples were precipitated with 2-propanol aer synthesis and dried under vacuum to yield powdered samples, which were deposited on a single-crystal Si wafer. Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) measurements were conducted with FEI Tecnai T20 (FEI, USA) and FEI Tecnai G2 F20 TMP-TEM with a 200 kV FEG (eld emission gun) in bright eld mode, respectively. Samples were prepared from solution by placing a droplet on a carbon coated mesh copper grid and drying in air. Topographic images of CdTe/CdS/ZnS NCs were taken with Nanowizard II atomic force microscope (AFM) from JPK-Instruments AG (Berlin, Germany). Images of 2mm-2 mm size were collected at a 0.5 Hz scan rate and 1024 Â 1024 pixel resolutions. In order to reach high resolution, a very sharp AFM cantilever of MSNL (nominal tip radius approx. 2 nm, nominal force constant 0.6 N m À1 ) from Brucker Corporation (CA, USA) was used. A drop of 50 ml of diluted NCs suspension was placed onto a clean polysine microscope adhesion slide (Thermo Fisher Scientic Inc. USA) and was allowed to dry at room temperature. The glass slide was then mounted onto an inverted light microscope (AxioObserver D1, Zeiss AG, Jena, Germany). Thereaer, the AFM was placed on the light microscope and imaging was employed in air using contact mode. Fluorescence decay curves were collected by a HPM 100-40 detector (Becker&Hickl GmbH, Germany), and time-correlated single photon-counting (TCSPC) was achieved by a SPC-150 module (Becker&Hickl GmbH, Germany). 10 mL of the NC suspension was placed on the stage of a Leica TC SP2 inverted scanning confocal microscope with a water 1.2NA 63Â objective. The sample was excited by a picosecond pulsed diode laser (Hamamatsu Photonics, Japan) at 467 nm with a repetition rate of 1 MHz.
Cytotoxicity study
For the cytotoxicity studies, human lung adenocarcinoma A549 cells (ACC107) purchased from DSMZ (German Collection of Microorganism and Cell Cultures) were used with a passage number of less than 20. CellTiter-Blue (CTB) cell viability assay was performed for an indirect estimation of the numbers of viable cells to evaluate the cytotoxicity of CdTe/CdS and CdTe/CdS/ZnS NCs. It uses the indicator dye resazurin which is reduced by viable cells into highly uorescent resorun (579 Ex /584 Em ). The procedure was performed as follows: A549 cells (8000 cells per well) in culture medium (DMEM supplemented with 10% FCS and 1% P/S) were cultured in 96-well plates (100 ml per well) and incubated for 2 days at 37 C, 5% CO 2 , >90 humidity. NC dilution series were prepared with cell culture medium, and 100 ml of NC solutions were added to each well. A549 cells were treated with NCs for 2 h and 24 h. Aer incubation, cells were washed gently with PBS buffer 2 times. CTB reagent was diluted 1 : 6 with DMEM medium (without supplement), and 100 ml of mixture was added to each well and incubated for 2 h (37 C, 5% CO 2 ). Finally, the resulting uo-rescence intensities were recorded, and cell viability was calculated using the uorescence intensity of untreated cells as a reference. Dose-dependent response curves were evaluated by tting the concentration-dependent experimental cell viability data with dose-response non-linear tting function (Origin Pro 8.5, Origin Lab Corp. USA). Half-maximal inhibitory concentrations (IC 50 ) were calculated from the tted dose-response curves.
Conjugation with aptamer
CdTe/CdS/ZnS NCs (l emission ¼ 668-670 nm) were labeled with S15-Amino aptamers for targeting of A549 lung adenocarcinoma cells through EDC coupling reaction between carboxyl groups of NCs and amino groups of aptamer molecules. S15-Amino aptamer (177 mM, 16 ml) solution was added to CdTe/CdS/ZnS (9 mg ml À1 , 24.4 ml) solution dissolved in sodium borate buffer (10 mM, pH 7.4) to give a nal volume of 100 ml, and mixed for 5 min at room temperature. Then, 10 mg ml
À1
EDC solution (6.5 ml) dissolved in sodium borate buffer (10 mM, pH 7.4) was added to the mixture and incubated for 3 h at room temperature. Aer coupling, S15-NCs conjugates were puried with centrifugation through membrane lters (50 kDa MWCO PES, Vivaspin, Sartorius Stedim Biotech GmbH, Germany). The purication step was repeated 8-9 times with 50 mM sodium borate buffer (pH 8.3). As a negative control, CdTe/CdS/ZnS NCs were conjugated with a random oligonucleotide (Oligo-NCs) using the same procedure. 20 ml of NCs conjugates were applied to agarose gel electrophoresis. 1.5% agarose gel was run at 100 V for 10 min and then viewed with a gel imaging system equipped with an UV transilluminator (INTAS Science Imaging Instruments GmbH, Germany) aer 0.40 seconds of exposure time.
Cell imaging
A549 cells were treated with unconjugated and aptamerconjugated CdTe/CdS/ZnS NCs. NC conjugates were rst transferred to binding buffer prior to treatment. A549 cells in cell culture medium were seeded on glass chamber slides (Nunc LabTek-II with CC2 treatment) and allowed to grow for 2 days at 37 C, 5% CO 2 . Aer cell culture medium was removed, cells were treated for 15 min with incubation buffer (selection buffer with 2% FCS). Incubation buffer was then removed and cells were treated with 200 ml of bare NCs (0.125 mg ml À1 ), S15-NC (0.125 mg ml À1 ) and Oligo-NC conjugate solutions (0.125 mg ml À1 ) which were diluted in incubation buffer. A549 cells were then incubated with the conjugates for 2 h. Aer that, incubation buffer was removed and cells were washed gently with warm PBS solution 2 times. For the imaging experiments, a uorescence microscope (Olympus Ix50) equipped with an Olympus camera (SC30, Japan) was used to capture the images of cells with CellSens Standard (Olympus Co. Japan) soware (Excitation lter: BP530-550, barrier lter: BA590).
Conclusions
We demonstrated a simple one-pot aqueous synthesis approach to generate red-emitting CdTe/CdS/ZnS CSS nanocrystals. Strain-induced optical properties of type-II CdTe/CdS NCs with a very small core and a very thick shell were futher improved with the external growth of a wide bandgap ZnS shell material. The band offsets between CdS and ZnS allowed efficient exciton connement in the type-II core/shell and, therefore led to increased uorescence efficiencies (QY max 64%) and stability. Moreover, cytotoxicity studies proved the reducing effect of an outer ZnS shell by minimizing the destabilization of the NCs. Also, preliminary cell imaging experiments with aptamerconjugated NCs exhibited effective cell internalization. Remarkably, the aptamer-NC conjugates were stable inside the cells even aer 1 day of internalization. In conclusion, the developed CdTe/CdS/ZnS NCs exhibit very high optical efficiencies, stability, as well as reduced toxicity representing an ideal candidate as a uorescencent probe for bio-imaging applications.
